Mites of the genus Neoseiulus are predatory mites that feed on pest species such as the two-spotted spider mite (Tetranychus urticae) and therefore act as biocontrol agents. Since the 1990s, the population of N. californicus in central and southwestern Japan has increased sharply, replacing the native N. womersleyi in many orchards in this area. However, in orchards of northern Japan, N. californicus is much less abundant than N. womersleyi. Here we tested the hypothesis that the lower abundance of N. californicus in the north is due to a lack of cold hardiness. The mean supercooling points of adult females of two strains of N. californicus (an indigenous strain and a commercial strain, neither of which enters diapause) and diapause and non-diapause N. womersleyi were all in the range −21.9~−23.3°C and were not significantly different. However, more than 50% of diapause females of N. womersleyi survived for more than 7 days exposed to −5°C, while most females of the non-diapause N. womersleyi and the two N. californicus strains died after 3-5 days of exposure to −5°C. Exposure of adult females to −5°C for various periods did not significantly affect subsequent fecundity and egg viability. These results suggest that the lower cold hardiness of N. californicus might be one of the factors halting its northern advance, but it is probably not sufficient to be the only factor.
INTRODUCTION
Predatory mites have been the focus of many studies because of their importance as predators of phytophagous mites and small arthropod pests (reviewed by Sabelis, 1985) . The predatory mite Neoseiulus californicus (McGregor) is found on various crops and deciduous trees in Europe, North and South America and Asia (Schausberger and Croft, 2000) . In Japan, this species was first collected in 1963 (Ehara, 1964) , but no further collections were made until the 1980s (Amano et al., 2004) . At present, the indigenous N. californicus strain is abundant and found on various deciduous trees and weeds. N. californicus is classified as a generalist predator because it feeds on spider mites, tarsonemid mites, other small arthropods and pollen (Castagnoli et al., 1999) . A commercial strain of N.
californicus (Spical ® ) has also been used in many countries as a biocontrol agent, and has been used in greenhouses and fields in Japan since 2003. On the other hand, N. womersleyi (Schicha) is classified as a specialist predator because it feeds exclusively on spider mites (Schausberger and Croft, 2000) . N. womersleyi is considered to be an effective natural enemy of spider mites on deciduous fruit crops in Asia, Australia and New Zealand (Ehara et al., 1994; Hamamura, 1982) . N. womersleyi used to occupy a dominant position among phytoseiid fauna in Japanese pear orchards throughout Japan, where pests were largely managed with chemicals. Since the 1990s, the population of the predatory mite N. californicus in central and southwestern Japan has increased sharply. In many orchards in this area, N. californicus has largely replaced N. womersleyi (Amano et al., 2004) . However, in orchards of northern Japan, the population of N. californicus has hardly increased (Amano et al., 2004) . Why N. californicus replaced N. womersleyi in the south but not in the north has been the subject of much speculation among Japanese acarologists. Possible factors affecting the distributions of these species include cold hardiness, intra-guild predation, interspecific competition for limited resources, and susceptibility to acaricides that became available in the 1990s. However, Amano et al. (2004) argue that differential susceptibility to acaricides alone cannot account for the difference in distributions of these two species.
Adult females of N. womersleyi obtained in many areas in Japan enter a reproductive diapause in preparation for winter (Hamamura, 1982; Kishimoto and Takafuji, 1994) . On the other hand, the diapause propensity of N. californicus varies among strains, ranging from 0% to 100% (Castagnoli et al., 1996; Hart et al., 2002; Jolly, 2000) . To our knowledge, however, there are no available data on diapause ability in either the indigenous strain of N. californicus or the Spical strain that is used in Japan.
Overwintering terrestrial arthropods are generally considered to have two different strategies for survival at low temperatures: freeze tolerance and freeze intolerance or avoidance (Lee, 1991; Salt, 1961) . Most insects and all mite species studied are freeze intolerant (Broufas and Koveos, 2001b) and cannot survive ice formation within their tissues (Morewood, 1992; Sømme, 1982) . The supercooling point (SCP), the temperature at which spontaneous tissue freezing occurs, represents the absolute lower lethal temperature for freeze-intolerant species (Lee, 1991) . However, many freeze-intolerant species often die at temperatures above the SCP as a result of chilling injury or cold shock (Lee and Denlinger, 1985; Lee, 1991) .
In the present study, to discuss possible reasons for the lack of advancement of N. californicus to the north, we examined certain basic cold hardiness parameters of the indigenous and alien strains of N. californicus and the indigenous strain of N. womersleyi. We examined the diapause propensity of the two N. californicus strains, the SCPs and cold hardiness at −5°C (a temperature well above the SCP).
MATERIALS AND METHODS
Mites. Two N. californicus strains and a N. womersleyi strain were used in this study. One was the indigenous N. californicus strain established with mites collected from a pear orchard in Ichihara (35°28'N-140°04'E), Chiba Pref., in the central part of Japan, on 17 August 1995 (Amano et al., 2004) . Another was the alien N. californicus strain, Spical ® , which was provided by Arysta LifeScience Co., Ltd., in July 2001, but no information was available on the origin of the strain. The N. womersleyi strain was collected from an apple orchard in Morioka (39°42'N-141°11'E), Iwate Pref., in the northern part of Japan, on 1 October 1999. The mite strains were maintained on leaves of kudzu vine Pueraria lobata (Willd.) (June-October) or common bean Phaseolus vulgaris L. (November-May) that were infested with the spider mite Tetranychus urticae Koch (red form). Each leaf was placed on a moist filter paper in a plastic cup (80 mm ø top × 55 mm ø bottom × 60 mm high) with a perforated lid at 20±1°C and under a 16L:8D photoperiod. The lid of each cup had a 30-mm-diameter hole covered with fine nylon mesh to allow ventilation. Diapause propensity. To determine whether N. californicus entered diapause, 60 adult females from the stock culture were transferred to fresh bean leaves with spider mites and allowed to lay eggs for 24 h at 15±1°C and under a photoperiod of either 8L:16D (short-day, SD) or 16L:8D (long-day, LD). Eggs laid were singly placed and reared on a fresh leaf disc, and the developmental stages were recorded daily. Leaf discs on which the egg developed into a male were discontinued. When a female deutonymph emerged, one adult male obtained from a stock culture of the same strain was introduced onto the leaf disc for mating and then removed 48 h after emergence of the adult female. Following emergence, the female was observed daily for at least 26 days to record the first oviposition date. The same experiment was carried out for N. womersleyi, which was shown to enter diapause under an SD photoperiod (Hamamura, 1982) .
Supercooling point (SCP) of two phytoseiid mites. The SCPs of adult females were compared among the individuals from the indigenous N. californicus strain, the Spical strain, the diapause N. womersleyi and the non-diapause N. womersleyi. We used five-to ten-day-old females that developed from eggs at 15°C either under LD (the non-diapause N. womersleyi) or SD (the two N. californicus strains and the diapause N. womersleyi). All females were mated with males of the same strain. The mites were placed individually in a test tube (10 mm ø × 40 mm H) in which the dorsum of each mite was in contact with the tip of a copper-constantan thermocouple connected to a recorder (Soft Thermo E830; Technol Seven, Yokohama, Japan). Mites were cooled to their supercooling point at a rate of approximately 1°C min −1 . The SCP was recorded as the lowest temperature reached just before the release of latent heat of fusion as the body water froze (Tanaka and Watanabe, 2003) .
Cold hardiness. Four types of mites were examined: the indigenous and Spical strains of N. californicus and the diapause and non-diapause N. womersleyi. Prior to cold exposure, the two N. californicus strains and the diapause N. womersleyi were reared under SD at 15°C, while the non-diapause N. womersleyi was reared under LD at 15°C. For each of the four types of mite, fifteen 5-to10-day-old adult females were placed in seven small plastic Beem ® capsules (6 ø by 15 mm H) with a piece of bean leaf (3 by 6 mm), i.e., 4×7=28 capsules were prepared. Then four capsules, one for each type of mite, were placed in each of seven plastic cups with moist filter paper. The seven cups were kept at 0°C for 7 days under continuous darkness (DD). Then six of the cups were transferred to a −5°C incubator and removed one at a time after 1, 3, 5, 7, 10 and 12 days. The seventh cup was treated as the 0 time sample. After the cold exposure, the females were released on individual bean leaf discs with spider mites as food and kept at 20°C under an LD photoperiod for 24 h. At this time, females that could walk were considered to be alive.
To determine the fecundity of females that survived exposure to −5°C, individual females were placed on bean leaf discs containing spider mites as food and were maintained at 20°C under LD. The number of eggs laid by each female within the first 10 days of oviposition was recorded. Each egg was placed on a fresh leaf disc and was observed for at least 10 days to see if it hatched.
Data analyses. One-way analysis of variance (ANOVA) was used to compare the preoviposition period, the SCPs, the number of eggs laid within the first 10 days of oviposition, and egg hatchability as well as the number of eggs laid during the first 5 days, hatchability, survival rate in immature stages and sex ratio in crossing experiment. Means were compared using the Tukey-Kramer method with JMP (SAS Institute, 2002) . For analysis, values were arcsine-square root transformed. Fisher's exact probability test was used for analysis of survival rate at −5°C, and the type-I error was corrected with the Bonferroni method (Sokal and Rohlf, 1995) .
RESULTS

Diapause ability
In the two strains of N. californicus reared at 15°C and under an SD photoperiod, 100% of the females oviposited within 6 days (Table 1) . At 15°C and under an LD photoperiod, 100% of the females of the indigenous N. californicus oviposited within 6 days. There was no difference in the preoviposition periods between individuals developed under SD and under LD, indicating that these strains do not have reproductive diapause. In contrast, none of adult females of N. womersleyi that were reared under SD oviposited even when adult females were observed for more than 26 days (ranging from 26 to 37 days) after emergence of adult females (Table 1 ). When N. womersleyi was reared under LD, 100% of females oviposited within 9 days (Table 1), indicating that this species had entered diapause as previously reported (Hamamura, 1982) . The total developmental period of females in the indigenous N. californicus strain was similar to that in the Spical strain of the same species (p>0.05, Tukey-Kramer method, Table 1 ).
Supercooling points
No significant differences were detected in the SCPs between the two strains of N. californicus or between the diapause and non-diapause individuals of N. womersleyi (Table  2) . However, the indigenous N. californicus strain had a slightly higher SCP than the diapause N. womersleyi (p<0.05, Tukey-Kramer method).
Cold hardiness
When the predatory mites were exposed to −5°C for various periods after an acclimation period of 7 days at 0°C, more than 50% of diapause females of N. womersleyi survived more than 7 days (Fig. 1) . By contrast, most females of the two N. californicus strains and the non-diapause N. womersleyi died after 5 days of exposure to −5°C. Although the preoviposition periods of adult females were observed for more than 26 days (ranging from 26 to 37 days) after emergence of adult females, no females laid eggs. So, this value was omitted from the statistical analysis.
e Data were analysed using ANOVA. Values within columns followed by the same letter were not significantly different at the 5% level (Tukey-Kramer method).
As shown in Fig. 2 , a significant reduction in fecundity occurred in females that survived exposure to −5°C for various periods in the two phytoseiid species: F 5, 45 =4.745 (p=0.0014) for the indigenous N. californicus strain, F 4, 40 =40.837 (p<0.0001) for the Spical strain, F 4, 42 =9.335 (p<0.0001) for the non-diapause N. womersleyi, and F 5, 59 =28.555 (p<0.0001) for the diapause N. womersleyi. All but two of the surviving females that were exposed to −5°C for various periods laid eggs within 10 days at 20°C. The two that did not lay eggs were one female of the Spical strain that survived when exposed to −5°C for 7 days, and one of two surviving females of the diapause N. womersleyi that were exposed to −5°C for 10 days. b Number of adult females tested. c Data were analysed using ANOVA. Values within columns followed by the same letter were not significantly different at the 5% level (Tukey-Kramer method). Fig. 1 . Mortality of adult females of N. californicus (Nc) and N. womersleyi (Nw), after being reared at 15°C and exposed to −5°C for various periods of time. The non-diapause N. womersleyi was developed under a 16L:8D photoperiod, and the other three strains were developed under a 8L:16D photoperiod. Before exposure to −5°C, females were acclimated for 7 days at 0°C and under continuous darkness. Values followed by the same letter were not significantly different at the 5% level (Fisher's exact probability test with the Bonferroni method). ns, not significantly different at the 5% level. Numbers of individuals tested were 15 adult females for each strain.
The number of eggs laid was not significantly different among the four strains except when females were exposed to −5°C for 5 days (F 3, 17 =3.466, p=0.0395). In this case, the diapause N. womersleyi laid fewer eggs than the indigenous N. californicus strain (p<0.05, Tukey-Kramer method). Most eggs laid by females that survived exposure to −5°C were viable and hatched within 5 days at 20°C. Among the different strains, only the diapause N. womersleyi (n=1) that was exposed to −5°C for 10 days showed a significantly reduced hatchability (p<0.05, TukeyKramer method). Six out of seven eggs laid by this female hatched (85.7%) (Fig. 2) .
DISCUSSION
The present study shows that the indigenous and alien (Spical) strains of the predatory mite N. californicus did not enter diapause even under SD conditions. Almost all individuals (84-100%) of the Italian and the UK strains of N. californicus underwent diapause (Castagnoli et al., 1996; Jolly, 2000) , while neither of two USA strains entered diapause (Hart et al., 2002; Jolly, 2000) . Thus, diapause ability of N. californicus varies among strains; i.e., some strains have a genetic propensity for diapause, suggesting that this propensity can be easily introduced into non-diapause individuals or can be easily eliminated from diapause individuals by cross breeding, because the Japanese (indigenous) strain and the Spical strain that is imported from the Netherlands are not reproductively incompatible and under a 16L:8D photoperiod by females of N. californicus and N. womersleyi after exposure to −5°C for various periods of time. Before exposure to −5°C, females were acclimated for 7 days at 0°C and under continuous darkness. Numbers in parentheses indicate the number of females that survived. Values followed by the same letter were not significantly different at the 5% level (TukeyKramer method). ns, not significantly different at the 5% level.
(Appendix 1). The ability to enter diapause may be necessary to sustain biocontrol agents in orchards.
The mean SCPs (−21.9~−23.3°C for adult females) of N. californicus and N. womersleyi obtained in this study were comparable to those of other predatory mites (Table 3) . For example, the SCPs of a USA strain of N. californicus developed under long-day and shortday photoperiods were −21.6 and −22.2°C, respectively, and the difference was not significant (Hart et al., 2002) . The SCP of Phytoseiulus persimilis, which has no diapause ability, was −22.5°C when developed under a short-day photoperiod (Morewood, 1992) . On the other hand, in species having diapause ability, the SCPs were not significantly different between diapause and non-diapause individuals (Broufas and Koveos, 2001a; Morewood, 1992;  Tables 2 and 3 ). In most mites and insects with tiny body sizes, the SCPs range from −15 to −30°C (Lee, 1991; Sømme, 1982) even in the species that have a diapause ability. The mean SCPs obtained from phytoseiid mites were similar to each other and were around −20°C with a slight variation (Table 3 ). These data suggest that the SCPs may be an inherent characteristic of the mite due to its small size rather than a physiological adaptation to environmental severity (Broufas and Koveos, 2001a) . This is because small volumes of water remain in the liquid state below the melting point (i.e., they have a remarkable ability to supercool). For example, 5 µl samples of tap water supercool to −18°C or lower before ice forms spontaneously (Lee, 1991) . This might explain why the SCPs of diapause females were not significantly different from those of non-diapause females. If this explanation is correct, the SCPs might not be useful as an indicator of cold hardiness of mites.
Cold hardiness of Euseius finlandicus was conspicuously different between diapause and non-diapause females: most diapause females survived exposure to −4°C for 11 days, while most non-diapause females died after 1-2 days of exposure to −4°C (Broufas and Koveos, 2001a) . The present data show that diapause females of N. womersleyi survived exposure to −5°C slightly longer (7-10 days) than did non-diapause females of N. womersleyi (3-5 days) and females of the two N. californicus strains (3-5 days). The northernmost site in Japan that N. womersleyi has been recorded is Sapporo (43°N) (Kishi and Mori, 1979) . During the years 1995-2005, the mean monthly temperatures for January in Sapporo ranged from −5.9 to −2.5°C. During January, temperatures rise above 0°C only a few days of month. Under such field conditions, N. womersleyi could overwinter successfully. On the other hand, the northernmost site at which N. californicus has been recorded is Fukushima (37-38°N) (Amano, unpublished data) , where the mean January temperatures during the years 1995-2005 ranged from −0.1 to 3.5°C. Furthermore, non-diapause females of a USA strain of N. californicus survived over three months outdoors in winter under sheltered condition in UK, where the temperature did not fall below 0°C (Hart et al., 2002) . Consequently, the lower cold tolerance of N. californicus might be one of the factors halting its northern advance, but it is probably not sufficient to be the only factor. This is because the present study shows that exposure of adult females to −5°C for various periods had little effect on subsequent fecundity and egg viability for those females that survived. Further experiments are needed to clarify the difference of cold tolerance between N. californicus and N. womersleyi. Additional parameters that needed to be measured include survival at temperatures less than −5°C, the lethal time for 50% mortality at various subzero temperatures, and actual mortality in the field.
